Diazonium salts were electrografted onto transparent conductive oxides as stable alternatives to conventional anchoring groups for the surface immobilisation of molecular species, such as molecular electrocatalysts and / or photosensitisers. Surface sensitive in situ ATR-IR spectroscopy, in combination with spectroelectrochemistry, was used as tool to provide unprecedented information on the interface formation, structure and stability, which is not possible using conventional approaches. Electrografted interfaces deposited on model oxides were thereby shown to be stable in an extraordinarily wide pH range (2.5 -12) and electrochemical potential window (-0.73 to 2.23 V vs RHE in aqueous media, and -1.3 V to 1.6 V vs Fc/Fc + in organic media). As a model electrocatalyst, an Fe porphyrin active for the oxygen reduction reaction (ORR) was immobilised on both mesoporous antimony doped tin oxide (me-ATO) and planar tin doped indium oxide (pl-ITO) using this electrografting approach. Surface coverages comparable to those previously reported using phosphonate anchoring groups were achieved. In addition, fast electron transfer rates were demonstrated, while in situ resonance Raman spectroelectrochemistry proved the co-ordination of the immobilised species and demonstrated its excellent electrochemical accessibility.
Introduction
The storage of (renewable) energy in the form of chemical bonds in electrofuels and chemical feedstocks will play a crucial role in the decarbonisation of the economy. 1 To achieve this, efficient catalysts that promote the interconversion between electrical and chemical energy in an economic manner must be developed. Homogenous molecular electrocatalysts only require a few metal atoms to catalyse a reaction, while also offering the possibility of facile chemical 'fine tuning' of the first and second coordination sphere that can help circumvent energy scaling relations found in heterogeneous catalysts. 2, 3 Structure-reactivity relationships can thus be more easily investigated, especially in combination with in-depth analysis of reaction mechanisms using spectroscopic techniques, which facilitates rational catalyst design. 4 In the context of electrocatalysis, the immobilisation, or grafting, of molecular catalysts on electrode surfaces is imperative, thereby increasing the number of addressable active sites, promoting electron transfer to and from the electrode, facilitating the use of aqueous solvents, and preventing crossover of diffusing catalysts between the cathode and anode. 5 Immobilisation can be carried out on semiconducting metal oxides, taking advantage of their low cost and allowing the combination of catalytic properties with certain electrode properties e.g. stability under highly anodic potentials (i.e. for water oxidation), high surface areas due to nanostructuration, and transparency in the case of transparent conductive oxides (TCOs); the latter facilitating light-induced processes and spectroscopic investigations. Besides TCOs, dye sensitised or narrow band gap semiconductors can be used for solar energy conversion purposes. 6 For surface immobilisation of molecular electrocatalysts or photosensitisers on oxides, hitherto used anchoring groups include phosphonates, carboxylates, silanes and their derivatives (e.g. silatranes), amongst others. [7] [8] [9] [10] [11] [12] [13] [14] [15] While each has its own merits in terms of stability and charge transfer properties, one usually comes at the expense of the other. [16] [17] [18] For example, phosphonate and carboxylate anchoring groups readily desorb in the alkaline pH's favoured for the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) when catalysed by non-precious metal compounds. Furthermore, the electrochemical stability of such non-covalent binding motifs is poor. As such, new immobilisation approaches must be developed that, in practical terms, are (1) robust enough to withstand a range of chemical and electrochemical conditions, (2) facilitate efficient and fast charge transfer and (3) are synthetically straightforward to realise.
Aryl diazonium salts have been widely used to functionalise a range of electrode materials via chemical or electrochemical grafting (electrografting), including carbon materials [19] [20] [21] [22] [23] [24] , metals 25 , and semiconductors like silicon 26 . Electrografting is a particularly powerful and versatile technique, often resulting in very strong covalent bonds between the electrode substrate and the modifier. 27 More recently, the electrografting of diazonium salts has been demonstrated on metal oxides, and it has been proposed that phenyl radical species (which are formed during the electrografting reaction) form covalent M-O-C bonds at the interface of the oxide. 28, 29 Despite this, few examples exist where metal oxide materials have been functionalised in this way, including TiO2, [29] [30] [31] indium tin oxide (ITO), 24, [31] [32] [33] [34] and fluorine-doped tin oxide (FTO). 35 Moreover, the stability of diazonium-derived interfaces on metal oxides has not been addressed so far; an aspect which is crucial for robust interface development.
In the present work, we explored the applicability of diazonium electrografting for the stable and covalent immobilisation of molecular species on TCOs, using mesoporous antimony-doped tin oxide (me-ATO) and planar ITO (pl-ITO) as model oxide platforms. We recently developed a spectroelectrochemical approach for determining the electrochemical stability window of electrografted diazonium interfaces on Au electrodes using in situ surface enhanced infrared absorption spectroscopy in attenuated total reflection (ATR) mode, with plasmonic enhancement of the signal due to the nanostructuration of the Au. 36 Extending our approach to TCOs with high surface areas like me-ATO (and thereby increasing surface sensitivity in the absence of plasmonic enhancement) provides unprecedented information on interface formation, structure and stability, thus allowing both the hydrolytic and electrochemical stability window of these interfaces (and other anchoring groups) to be determined. Previous attempts to probe the stability of anchoring groups on oxides have relied on UV-Vis spectroscopic or solely electrochemical techniques. 12, 14, 18, 37, 38 In situ IR spectroscopy on the other hand allows the intrinsic stability of an anchoring group to be determined without relying on chromophoric or electroactive components (which may themselves be unstable). As a model electrocatalyst, an Fe 'hangman' porphyrin active for the ORR was immobilised. In addition to electrochemical methods, in situ resonance Raman (rR) spectroelectrochemistry was used to characterise the immobilised species and determine their electrochemical accessibility.
Results and discussion
Interface formation and characterisation me-ATO (8% Sb-doping) thin films were deposited on ITO glass slides by evaporation induced self-assembly of preformed ATO nanoparticles (approx. 4 nm in diameter, see Fig. S1 ) in the presence of the block co-polymer F127, as previously described by our group. 39 ATO is highly conductive, transparent, resistant to corrosion, and has been used for many purposes including as conductive supports for electrocatalysis. [39] [40] [41] [42] [43] [44] As evidenced by SEM (Scheme 1, for further magnifications see Fig. S2 ), the resulting crack-free me-ATO films are around 160 nm thick with an open, mesoporous structure throughout (pore size ~ 8 nm, as determined previously 39 ). Many examples exist in literature where electrode films were prepared from dispersions of commercial ITO or ATO powders (crystallite size ~ 50 nm) 45, 46 , resulting in very thick (up to several µm) albeit turbid films. On the contrary, the thin films synthesised in this study exhibit excellent transparency as a result of their small crystallite and pore size that reduces scattering, thus making them especially suitable for in situ spectroscopic studies.
Successful electrografting of the me-ATO surface is indicated by comparative CV measurements in the presence of the ferrocene/ferrocenium (Fc/Fc + ) redox probe of me-ATO electrodes before and after electrografting (Fig. S3 ): in addition to a slight increase in peak separation between the anodic and cathodic wave (ΔEP), a significant decrease of 52% in the ferrocene oxidation current is observed. Successful interface formation can further be observed in XPS measurements conducted on me-ATO before and after electrografting, as shown in Fig. 1 . For details on the fitting procedure, as well as the C 1s and Sn 3d spectra, and the tabulated binding energies (BE) of the deconvoluted components of the N 1s and O 1s spectra, see the Fig. S4 and Table S1 . The N 1s spectra of me-ATO after electrografting show peaks at 399.2 and 401.1 eV that are assigned to the amine and imine nitrogen environments of the deposited interface. The peak at 402.1 eV is assigned to the iminium environment that results from protonation of imine Please do not adjust margins Please do not adjust margins nitrogen, representing a shift in BE of 2.8 eV. Summing together the atomic percentages of imine and iminium nitrogen results in an almost 1:1 ratio with the amine nitrogen, as expected for imidazole, and suggests that around 14% of the interface is protonated. A small peak at 400.1 eV is assigned to azo-bridges that may form as a result of the limited addition of non-reduced diazonium ions to already-grafted species. 47 In the O 1s spectra, the ratio between the peak at 530.8 eV, attributed to the bulk lattice oxygen component, and the peak at 532 eV, attributed to surface Sn-OH, decreases after electrografting; however, it was not possible to discriminate the presence of any Sn-O-C bonds due to their similar BE, reported to be 532.2 eV. 48 The high surface area of the me-ATO results in high IR absorption intensities for adsorbed species in ATR mode that can provide unprecedented information on interface formation and structure. For that, a silicon-prism was coated with a me-ATO thin film via spin-coating (for details see SI) and in situ IR spectroelectrochemical measurements were performed in acetonitrile (0.1 M TBAPF6 or TBAClO4) using a Kretschmann ATR configuration. Upon addition of 1 mM Im-N2 + to the spectroelectrochemical cell, a band at 2253 cm -1 appears in the IR adsorption spectrum (Fig. 2) , corresponding to the diazonium N≡N stretching vibration v(N≡N), in addition to bands corresponding to vibrations of the phenyl-imidazole moiety, thus indicating the adsorption of Im-N2 + species onto the ATO surface. The v(N≡N) band is partially obscured by two negative (CCN) and v(CN) bands resulting from the displacement of acetonitrile molecules from the surface (asterisked). Meanwhile, a further negative vsym(CH3) band for acetonitrile is observed at 1375 cm -1 (for an ATR-IR spectrum of me-ATO in acetonitrile see Fig. S6 ). After this initial rapid adsorption, further growth in band intensity due to the spontaneous heterolytic decomposition of diazonium species is small in comparison. Upon electrochemical reduction, the v(N≡N) band disappears, and bands such as the ones at 1608 cm -1 corresponding to the aromatic v(C=C)ph mode of the phenyl ring, and 1515 cm -1 corresponding predominantly to the coupled (C-H), v(C=C)ph and v(C-N) modes of the deprotonated imidazole ring, increase significantly in intensity. These phenyl-imidazolespecific absorption intensities are resistant to repeated rinsing in multiple solvents, strongly indicating that the interface is covalently attached to the ATO surface.
As previously mentioned, it is anticipated that electrografting of diazonium salts will result in the formation of M-O-C bonds (in this case Sn-O-C) at the interface. In order to model such surface-bound species, an IR spectrum of 1, a phenyl-imidazole species bound via a Sn-O-C bond to a Sn(OH)3 cluster, was calculated using DFT. There is a good agreement between the experimental spectrum and the spectrum calculated using this monoatomic tin model, which is smaller than the larger 9 Ti atom model recently employed by Brudvig and co-workers to model molecular species bound to TiO2. 11 The inset in Fig. 3 shows the two overlapping bands at 1247 cm -1 
that correspond to the v(C-N)+(C-H) and v(C-O)+(C-H)
modes calculated for 1. This supports the assumption that the phenyl radicals bind to surface hydroxyl groups forming covalent interfacial Sn-O-C bonds.
Interface stability
pH dependent spectroscopic stability measurements were conducted in basic and acidic solutions of KOH and HClO4 to determine the hydrolytic stability window of the electrografted interfaces, which is of paramount importance in catalytic applications (Fig. 3) . In both cases, difference spectra at each pH were calculated with respect to the initial spectra recorded for the interfaces in deionised water (pH ~ 6), therefore indicating the overall change in absorbance ΔA at each pH.
Upon decreasing the pH of the solution, there is a substantial change in the IR absorbance spectrum of the electrografted species. With the help of DFT calculations, these changes were assigned to the protonation of the terminal imine nitrogen of the imidazole ring (see Fig. S7 ). In particular, a prominent and broad band appears at 3562 cm -1 corresponding to N-H stretching mode v(N-H) of the protonated species. Due to the dynamic changes taking place upon decreasing the pH, ΔA was plotted as a function of decreasing pH (Fig. 3c) , allowing any desorption of linker molecules to be measured. Initially, there is an increase in ΔA for the protonated Im species (marked by stars), accompanied by a concomitant decrease for the deprotonated species (marked by diamonds). An inflection point is reached at around pH 2, beyond which there is an overall decrease in ΔA for all species, indicating that the desorption of electrografted species from the ATO surface is taking place. On closer inspection, the plots exhibit a sigmoidal shape 
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Upon increasing the pH of the solution, a small overall decrease in the band intensities corresponding to both the protonated and de-protonated imidazole species can be observed. The spectra stabilise before slow desorption takes place at very high pH's (> pH 12). Note: shifts in the baseline take also place as the pH changes.
To gain further insight into the underlying hydrolytic processes taking place under highly acidic and basic conditions, IR absorption spectra of electrografted interfaces were recorded in 0.1 M HClO4 (pH 1) and 0.1 M KOH (pH 12.8). In each case, the decrease in absorbance was plotted as a function of time (Fig. S9) , where absorbance is proportional to the concentration of molecules grafted at the interface. Hydrolysis in 0.1 M KOH appears to exhibit (pseudo-) first-order kinetics with an apparent hydrolysis rate khyd = 3.77  10 -5  0.34 s -1 , which corresponds to a half-life of 5.5 hours. In 0.1 M HClO4, a higher-order reaction takes place. Assuming hydrolysis of interfacial Sn-O-C bonds, a classical SN2-type hydrolysis is not expected to take place in either case due to the impossibility of symmetry inversion at the interface. A more plausible mechanism for acid-catalysed hydrolysis involves flank-side attack of the Sn atom by a water molecule without inversion of symmetry, in which the oxygen atom is first protonated in a rate determining step, as illustrated by mechanism A in Scheme 2. A possible mechanism for base-catalysed hydrolysis may involve an attack of the Sn atom by a hydroxide anion, resulting in the formation of a 5-coordinate intermediate and the subsequent displacement and removal of the phenoxide anion (mechanism B in Scheme 2). Similar mechanisms have been proposed for the hydrolysis of silicates 49 , where Si has a similar Lewis acidity as Sn. It is anticipated that hydrolysis rates will differ depending on the nature of the metal atom (e.g. Sn/Sb/In/Ti etc.), the crystallographic facet to which the phenyl species is bound to, as well as the diazonium salt used, i.e. due to inductive effects depending on the phenyl-substituents (in this case imidazole-1-yl).
Spectroelectrochemical titrations were carried out in a similar fashion to determine the electrochemical stability window of the electrografted interface in a pH 7 0.1 M phosphate buffer (PB). Spectra were recorded under a potential of 0.79 V (vs RHE) after application of increasingly positive or negative potential steps (Fig. 4a and b) . The absorption intensity of two bands at 1247 and 1306 cm -1 are plotted as a function of potential (insets Fig. 6 ) and a minimal decrease in intensity over the measured potential ranges is observed, which is attributed to the previously reported loss of physisorbed species deposited during electrografting 50 , as well as shifts in the baseline (these are more pronounced at low wavenumbers). In contrast to electrografted interfaces on Au, where we observed the electrochemical cleavage of the Au-C interfacial bond as a rapid decrease in IR absorption intensity 36 , the electrografted interfaces on ATO are stable in a broad potential window (at least -0.73 to 2.23 V vs RHE) that encompasses the intrinsic electrochemical stability windows of ATO at pH 7 (-0.77 to 1.83 V vs RHE, for measurement see 
Immobilisation of a model catalyst and redox behaviour
As the name suggests, hangman porphyrins (depicted in scheme 3) contain a 'hanging' group positioned at a fixed distance from the metal centre (i.e. in the second coordination sphere of the complex), which may introduce certain noncovalent interactions, such as proton coupled electron transfer, and can alter the catalytic activity of a complex. 52, 53 Carboxylic acid hanging groups on molecular complexes have been shown to enhance the catalytic activity of reactions including the ORR, H2O2 reduction and the OER. [53] [54] [55] [56] [57] The porphyrin containing the methyl ester hanging group (FePOMe) was used in this study to rule out the influence of pH on the ORR onset potential 56 , as Please do not adjust margins
Please do not adjust margins well as to exclude the possibility of the porphyrin binding to the oxide via the carboxylic acid hanging group. Two distinct immobilisation methods were employed: (A) a two-step 'post-coordination' process whereby the me-ATO already electrografted with Im-N2 + was incubated with FePOMe, and (B) a one-step 'pre-coordination' process whereby me-ATO was electrografted with a mixture of Im-N2 + and FePOMe together in acetonitrile, after a mixing time of 5 min to allow pre-coordination of the Im-N2 + to the Fe centre. In both cases a potential of -0.42 V (vs Fc/Fc + ) corresponding to the reduction potential of Im-N2 + (see CV Fig. S12 ) was applied for 120 s. Both processes result in a dark brown colouration of the electrode that is resistant to repeated rinsing and soaking in acetonitrile and dichloromethane (see photograph Fig. S13 ).
Surface coverages of FePOMe ΓUV of 1.5 and 3.9 × 10 -9 molcm -2 were determined by UV-vis spectroscopy for the 'postcoordination' and 'pre-coordination' methods, respectively.
CVs in acetonitrile (0.1 M TBAClO4) of the modified electrodes stabilise over several cycles and show a reversible redox peak close to -0.56 V (vs. Fc/Fc + ) assigned to the Fe 2+ /Fe 3+ redox couple of the immobilised FePOMe (Fig. 5) . Peak currents (IP) increase linearly with applied scan rate, as expected for a surface-bound redox species (see Fig. S14 and S15). Surface coverages of electroactive FePOMe ΓCV of 1.5 and 3.0 × 10 -9 molcm -2 were calculated from background subtracted CVs for the 'post-coordination' and 'pre-coordination' methods, respectively. The ratio between ΓCV and ΓUV suggest that all of the species immobilised using the 'post-coordination' method are electroactive, while around 75% of the species immobilised using the 'pre-coordination' method are electroactive. The coverages obtained are in line with those reported in literature for molecular catalysts immobilised on other porous oxide electrodes using phosphonate or silane anchoring groups when taking into account differences in thicknesses (as loading increases linearly with film thickness). These comparisons are summarised in Table S2 .
Full-widths at half maximum (FWHMs) EFWHM of the oxidation and reduction waves, accounting for 199 and 197 mV for 'post-coordination', and 210 and 211 mV for 'precoordination', respectively, are found to be greater than the theoretical 90.6 mV 58 expected for a 1-electron transfer process. This broadening results from electrostatic intermolecular interactions between immobilised species, 59, 60 with a higher loading of FePOMe leading to a broader FWHM, as previously observed for porphyrins immobilised on Si. 61 In addition, broadening of the FWHM may reflect a certain heterogeneity in the immobilised species. These results that suggest the 'pre-coordination' method results in more crowded, or multi-layer configurations of FePOMe attached to the ATO surface.
Fe 2+ /Fe 3+ peak separations ΔEP at 10 mVs -1 for me-ATO electrodes modified using the 'post-coordination' and 'precoordination' methods are small (26 mV and 32 mV, respectively), while at higher scan rates they deviate from a linear relationship, indicating a kinetic limitation (Fig. S16) . The apparent electron transfer (ET) rate constants kc and ka, as well as the ET coefficients αc and αa, were calculated for the cathodic and anodic peaks using mathematical treatments derived by Laviron. 62 'Post-coordination' resulted in kc = 4.4 ± 0.7 s -1 , αc = 0.62, ka = 2.9 ± 0.1 s -1 and αa = 0.28, while 'pre-coordination' gave kc = 4.9 ± 0.1 s -1 , αc = 0.81, ka = 2.8 ± 0.1 s -1 and αa = 0.14. 
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The unsymmetrical energetic barrier for ET, as indicated by α, can be explained by crowding of the immobilised species or structural changes upon changes in oxidation state. The ET rates calculated here are in line with those obtained for other redox systems immobilised on nanostructured metal oxides. Further comparisons to literature are given in Table S3 . It is highly likely that ET rates for redox species immobilised in such porous electrode films are restricted due to lower charge carrier mobility/resistivity in the narrow pore walls, or increased reorganisation energies e.g. due to the limited diffusion of counterions into the Helmholtz layer of the high surface area electrode. In fact, a two-order magnitude decrease in ET rate has been observed for Hemin immobilised on multiwalled carbon nanotubes (MWCNTs) compared to planar glassy carbon. 63, 64 The high loadings of FePOMe on me-ATO results in very high resonance Raman (rR) scattering intensities, allowing the coordination, redox and spin states of the porphyrin to be easily ascertained. In situ rR spectroelectrochemical measurements of FePOMe immobilised using the 'post-coordination' method were performed in pH 7 (0.1 M PB) under different potential steps (Fig. 6a) and component fit analysis was carried out to decompose each potential-dependent spectrum into the different contributing redox and conformational components (Fig. 6b) , as described elsewhere in detail for Hangman species immobilized on SAM-coated silver electrodes by Ly et al. 56 At OCP (135 mV vs Ag/AgCl 3M KCl), intense marker bands appear around 1367 cm -1 (v4) and 1561 cm -1 (v2) with a lower intensity band at around 1495 cm -1 (v3). The main spectral contribution arises from the Fe 3+ 5-coordinated high-spin (HS) state of the FePOMe, with a small contribution from the 6-coordinated lowspin (LS) state, as evidenced by a high-frequency shoulder in the v3 band at 1502 cm -1 . This indicates that most of the immobilised hangman species are axially coordinated to the surface via the imidazole linker with a 6 th coordination site free for oxygen binding. 6-coordinated species were also observed by Ly et al. and their molecular origin is at present unknown. Plotting the different contributions as a function of applied potential allows the reduction of the immobilised Fe 3+ species to be spectroscopically followed, and hence their electrochemical accessibility to be evaluated. There is an almost complete reduction in intensity of the Fe 3+ state, proving that almost all of the immobilised species are indeed electroactive (i.e. electrocontacted), despite passivation of the me-ATO during electrografting.
When electrografting was performed on a planar surface, namely planar ITO (pl-ITO), an FePOMe coverage ΓCV of 1.2 × 10 -10 mol cm -2 was obtained using the 'post-coordination' method (Fig. 7) . This coverage is equivalent to 29% of a perfectly packed monolayer of FePOMe (4.2 × 10 -10 molcm -2 -as calculated from the porphyrin dimensions 52 ), and is in line with coverages obtained in literature for molecular catalysts immobilised on planar ITO and FTO using phosphonate anchoring groups, whose deposition is self-limiting. 40, 65, 66 Analogous to me-ATO, IP for the immobilised FePOMe Fe 2+ /Fe 3+ couple increases linearly with the scan rate (Fig. S17) . Interestingly, ΔEP remains constant at approximately 45 mV from a scan rate of 10 mV/s up to 500 mV/s (Fig. S18) . Faster measurements could not be carried out, meaning a kinetically limited kET could not be calculated; however, it is clear that ET is very fast using these covalently grafted interfaces. Comparative measurements of a carboxylic acid anchoring group on pl-ITO and me-ATO using 4-(1H- Please do not adjust margins
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Imidazol-1-yl)benzoic acid failed, presumably due to the instability of the anchoring group.
Electrocatalysis and the influence of catalyst loading
To evaluate the electrochemical performance of the FePOMe modified electrodes under ORR conditions, CV's were recorded at pH 7 (0.1 M PB) as shown in Fig. 8a . A comparison of CVs of unmodified and modified me-ATO under O2 are shown in Fig. S19 , indicating that the immobilised FePOMe is catalytically active. The FePOMe modified electrodes showed improved onset potentials for the ORR with increasing coverages of electroactive FePOMe (i.e. catalyst loading) in the order me-ATO 'pre-coordination' > me-ATO 'post-coordination' > pl-ITO 'post-coordination', with onset potentials of around 645 mV, 570 mV and 500 mV (vs RHE), respectively. Maximum diffusion limited currents of 0.9 and 1 mA/cm 2 were obtained for the 'post-coordination' and 'pre-coordination' methods, respectively.
Overpotentials for ORR have previously been shown to decrease with increased metal complex loading on electrode surfaces. [67] [68] [69] Fig. 8b shows CVs of the different loadings of FePOMe immobilised on the me-ATO electrodes under Ar and in O2 under turnover conditions. Remarkably, under Ar, reversible peaks for the Fe 2+ /Fe 3+ redox couple can be observed (which is usually not the case in aqueous media), albeit with very broad FWHMs. For the higher loading of FePOMe, the FWHMs are broader and there is a positive shift in the redox potential E1/2 of almost 70 mV, which corresponds to a shift in the ORR onset potential of 75 mV. It has been shown for numerous redox species (including porphyrins) immobilised on metal and semiconducting surfaces that E1/2 increases with surface coverage [70] [71] [72] [73] , as predicted by models such as the surface activity model of Brown and Anson. 74 In this model, the free energy for the redox transition depends on lateral interactions between oxidised and reduced species. In the case of the immobilised FePOMe, intermolecular repulsion between +3 oxidised species is greater than between the catalytically active reduced +2 species. Thus, as the loading of FePOMe increases, the thermodynamic driving force for the reduction of +3 species, and thereby the ORR, increases. Such a shift in E1/2 is not observed in acetonitrile, which can be explained by an increase in ion pairing strength between the FePOMe and the perchlorate anion, or the intercalation of the less polar acetonitrile solvent molecules between the immobilised species, both of which would minimise intermolecular repulsion. 75 This is also reflected in the narrower FWHMs measured in acetonitrile compared to water.
The highest activity for FePOMe immobilised on me-ATO was obtained in 0.1 M KOH (pH 12.8) with an onset potential of 810 mV (vs RHE) (Fig. S20 ). This compares well to the best previously reported onset potentials of 922 and 913 mV (vs RHE) for axial-pyridine coordinated iron phthalocyanine 19 , or axial-imidazole coordinated iron porphyrin immobilised on CNTs, respectively. 20 Other studies on carbon electrodes have reported onset potentials of 820 mV and 880 mV. 76, 77 Considering the low loading of catalyst present in the herein presented me-ATO system (3.5 μg/cm 2 of FePOMe), which is about two orders of magnitude less than the loadings employed in the aforementioned systems (between 200 μg/cm 2 and 1 mg/cm 2 ), the obtained onset potential compare well with results from literature. Please do not adjust margins Please do not adjust margins 'Post-coordination' on me-ATO resulted in the most stable overpotentials and, thus, chronoamperometric measurements were recorded at a potential of 0.32 V (vs RHE), with measurements conducted before and after incubation with FePOMe. As seen in Fig. 9 , there is a decrease in activity over time (a further, extended measurement is shown in Fig. S21 ), which could result from three things: (a) desorption of the interface linker molecules, (b) a disruption of the linker-catalyst axial coordination (e.g. due to protonation of the imine nitrogen on the linker imidazole ring, or a change in orbital overlap resulting from the formation of intermediate Fe oxo-species during catalysis), or (c) deactivation of the immobilised FePOMe catalyst (e.g. due to the formation of superoxides during catalysis). While the reason for deactivation remains so far unclear, CVs of me-ATO electrodes modified using the 'postcoordination' method show that the resulting decrease in ΓCV for the FePOMe Fe 2+ /Fe 3+ couple could be restored by reincubating the electrode in 1 mM FePOMe in acetonitrile (Fig.  S22) , effectively reloading the imidazole-terminated interface with FePOMe. This result therefore emphasises the robustness of the interface itself and rules out its desorption from the oxide surface; a result which is corroborated by the ATR-IR spectroelectrochemical stability measurements.
Discussion
The apparent fast electron transfer rates of the immobilised redox species and high stabilities observed for the herein presented electrografted diazonium interfaces likely result from its binding motif, which differs from other anchoring groups, such as non-covalent phosphonates, carboxylates and hydroxamates etc., or covalently bound silanes and their derivatives. Experimental and theoretical studies on TiO2 have shown that organic carboxylate and hydroxamate anchoring groups exhibit faster interfacial electron transfer because of a better electronic coupling at the oxide interface compared to phosphonate anchoring groups. [16] [17] [18] This latter poor coupling may arise from the tetrahedral geometry of the phosphorous atom and the loss of conjugation through to the oxide. 78 At the expense of their electronic behaviour, phosphonate and silanederived anchoring groups exhibit greater stabilities, with phosphonate anchoring groups showing stabilities that are orders of magnitude greater than carboxylate anchoring groups. 79, 80 That being said, phosphonates still show poor stabilities in pH's above 5 or 6, thus limiting their application in certain reactions, while silane-derived species result in covalent bonds which are stronger and have been shown to be stable up to pH 11. 12, 14, 80, 81 It is tentatively proposed that the strong M-O-C bond formed upon electrografting of diazonium salts on oxide surfaces not only results in good electronic coupling with immobilised molecular redox species, but also provides high chemical and electrochemical stabilities.
Conclusions
The electrografting of diazonium salts onto TCO materials was explored as a stable alternative to conventional anchoring groups for immobilising molecular species such electrocatalysts and photosensitisers. To this end, surface sensitive in situ ATR-IR spectroscopy in combination with spectroelectrochemistry was used as a tool to provide unprecedented information on the interface formation, structure and stability not achievable using conventional UV-Vis or electrochemical techniques. Interfaces electrografted on a model oxide -mesoporous ATO -were shown to be stable in a wide hydrolytic (pH range ca. 2.5 -12) and electrochemical stability window (ranging from at least -0.73 to 2.23 V vs RHE in aqueous media) making them excellent candidates for a wide range of electrocatalytic energy conversion and storage applications, especially the OER, which typically operates under alkaline conditions when catalysed using non-precious metal-based compounds e.g. cobalt-or nickel-based catalysts 82 . Furthermore, the stability of the interface in organic media (ranging from -1.3 V to at least 1.6 V vs Fc/Fc + in acetonitrile) also makes them suitible electrocatalytic organic synthesis. In situ IR spectroscopy is thus shown to be a powerful tool for researchers working on oxidebased electrochemical devices, such as electrolyzers, photoelectrochemical or dye-sensitised solar cells, or sensors, i.e. anywhere molecular-inorganic interfaces play an important role in a device's performance. As a model electrocatalyst, an Fe hangman porphyrin that is active for the ORR was immobilised on both pl-ITO and me-ATO using electrografting, with surface coverages comparable to those reported using other anchoring groups. Fast electron transfer rates between the electrodes and the immobilised species were demonstrated, with in situ rR spectroelectrochemistry used on me-ATO to determine their coordination and demonstrate their excellent electrochemical accessibility. The best onset potential for the ORR achieved using this system was 810 mV (vs RHE), which, despite the ultra-low loading applied, is close to reported potentials obtained for similar catalysts immobilised on carbon electrodes.
